The paper describes a mathematical model of concrete curing taking into account kinetics of setting reactions. The numerical model is implemented in the author's program that was used to monitor thermal effects recorded in the concrete bottom plate of the extradosed bridge. Numerical approach was verified by experimental measurements and used for assessment of the current compressive strength due to degree of hydration of fresh concrete.
INTRODUCTION
Nowadays structural health monitoring (SHM) systems are applied to large variety of engineering structures [18] including concrete infrastructure objects. SHM systems are equipped with standard displacement or strain sensors but can also be supported by other non-destructive diagnostic techniques like for example ultrasonic testing [e.g. 16] . SHM systems may rely solely on measurement data but may conduct advanced simulations and analysis of collected information [18, 17] . Modern measurement technologies supported by automated numerical examinations provides useful tools to monitor concrete maturity in building site. Information about the current parameters of the concrete is especially useful for concrete works at low temperatures, production of precast concrete elements or prestressed concrete elements. Knowledge of the real concrete strength allows to reduce time of construction phase and optimize work schedule. This approach is sometimes used during construction of bridges or multi-storey objects from high performance concrete. Monitoring of young concrete makes possible to limit damage generated by thermal and shrinkage effects and thus improves structure durability.
The measurement data combined with the appropriate mathematical description provide the basis for estimating in situ strength [5] . Correlation of hydration degree (progress of a chemical reaction) with relatively simple to measure temperature of the hardening concrete is used to determine maturity index, which determines the stiffness and strength of the concrete [2, 4, 5, 13] .
The paper presents the monitoring system implemented on the extradosed bridge constructed in the north of Poland and discusses numerical modelling of the concrete curing in bottom plate of the box -girder bridge. The measurement data and laboratory tests provides the strength-maturity relationship curve.
DESCRIPTION OF THE EXTRADOSED BRIDGE
The considered object is a 4-span road bridge ( Figure 1 ). The total length of the structure equals 677.0 m (2×132.5 m+2×206.0 m). The superstructure of the bridge is typical and has form of a three-chambered box with a total width of 28. 
CONCRETE MONITORING SYSTEM
The monitoring system has a function of collecting measurement data, transferring data on line and informing the user about the state of the concrete element. An integral component of the monitoring system is a specially dedicated for this purpose, packet of applications for structural analysis based on numerical simulations [8] . Calculations using numerical model enable to predict the temperature and strength changes of known geometry and material parameters in structural elements. This approach allows to optimize the location of sensors and data collecting devices, and therefore, rationalize the cost of their implementing.
The system consists of three modules: measurement, expert and communication. The measuring module is responsible for the collection and storage of the data from sensors and devices. The expert module analyzes the state of hydration progress in real time. The communication module of the system informs the user about the actual level of compressive strength or Young modulus of concrete.
Temperature measurements were carried out using self-developed sensor system. The electronic device recognizes the 1-wire sensors on the basis of 16 digital serial numbers. Parameters of 1-wire interface allow to connect sensors on single wire of up to 300 m. This feature makes the mounting of the sensors relatively simple comparing to the standard temperature devices that use different wire for each temperature sensor. The developed system enables to measure temperature in range of -55 o C to +125°C with an accuracy of ± 0.5°C ( Figure 5 ). The locations of temperature measurement points are shown in Figure 6 . In A-A section the points are located symmetrically in the plate thickness direction. In B-B section, point p4 is located at a depth of 0.23 m from the top of the surface. Additionally ambient temperature changes over the plate (point o1) and under the formwork (point o2) were registered.
HYDRATION PROCESS
The result of setting reaction is the cement slurry transition from the plastic state to a rigid state, accompanied by heat emission. Portland clinker minerals such as calcium silicates (C 3 S and C 2 S), calcium aluminates (C 3 A) and calcium iron aluminates (C 4 AF) react with water and form a gel and crystalline phases hydrates. This process is particularly important in the first few days of concrete hardening. Three phases of the concrete life are highlighted in Figure 7 . The first phase develops relatively slowly and involves mixing, transport, casting and curing in the formwork. After the final setting time t o is reached the hardening process (hardening phase) develops and sudden increase of the temperature can be observed [3] . During the hydration of 1 g of cement about 500 J of heat is emitted. Since the thermal conductivity of the concrete is relatively low, the temperature of the inner layers of the concrete grows the most. At the same time the outer parts of concrete lose the heat, and therefore, a temperature gradients are formed that may cause cracks initiation [15] . While the reaction advances, the porosity of the concrete decreases leading to the strength in- crease. Finally, thermal equilibrium with the surrounding air is achieved and the concrete enters the service phase. At that time daily and seasonal variations of the temperature can be observed.
THEORETICAL MODEL
There is a large number of models of concrete curing that takes into account changes in temperature, moisture, the rate of chemical reactions as well as mechanical effects. Relatively well recognized is the thermo-hygro-mechanical model that includes development of shrinkage cracks. For example the model of Azenha [1] is formulated with respect to: the temperature field, relative humidity and displacements as well as the development of cracks. The system of equations includes the heat, moisture and momentum balance with the boundary conditions for the heat flow. The volumetric heat generation rate due to cement hydration is formulated as an Arrhenius type law humidity and displacements as well as the development of cracks. The system of equations includes the heat, moisture and momentum balance with the boundary conditions for the heat flow. The volumetric heat generation rate due to cement hydration is formulated as an Arrhenius type law ̇= ( )exp ( ) , in which the global progress is expressed as = / ∞ , where the real amount of heat ∞ is taken from the experiment. In this perspective, the chemical reactions influence is reduced to the internal heat source consideration. This heat emission is determined on the basis of temperature value provided by on line measured data. Moreover based on the temperature distribution, moisture field of concrete is established. This requires proper definition of the diffusion moisture coefficient, moisture stream and moisture transfer coefficient from the porous medium by air or water. The mechanical part is engaged with the moisture field through shrinkage strain and with thermal field through strain by thermal expansion. An extension of the Azenha's model is Di Luzio-Cusatisa approach [7] where a chemo-thermohygro-mechanical model with two reactions is proposed. The heat source comes from two leading chemical phenomena: cement hydration and silica-fume reaction. Other improvements consist in: variation all constant in the heat and moisture transport equations, the presence of internal moisture sources coming from the reaction and above all the inclusion of visco-creep phenomena in the mechanical part .
The above models provide good insight into the process of concrete curing, however, they are very complex and difficult to apply for engineering problems were primary goals are of technological nature. Therefore, the present model is focused on thermal aspect of concrete maturity and the integral technical parameters used by engineers controlling concrete curing process. These parameters must have a clear technical sense, should be easily measurable by monitoring systems and should have their counterparts in the mathematical model.
The non-uniform temperature field T(x,t) of hardening concrete depends on type and amount of cement, conductivity, heat capacity of the concrete components, the intensity of heat exchange with surrounding, initial temperature of the concrete mixture, ambient temperature, concrete element dimensions and additional boundary conditions like neighborhood of already finished concrete elements that can release heat.
According to Cervera and others [5] thermodynamic field equation describing young concrete can be written in the following form:
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Arrhenius type law A chemical affinity η permeability
is expressed through chemical affinity A  and permeability of water through the hydrates  . Material parameters k , 0 A , ξ  , 0 n , n are determined experimentally. Equation (2) shows that heat activation expressed by Arrhenius factor is the most important in the initial phase of the reaction. During hydration process reaction is slowing down to achieve final value ξ ξ   . The evolution expressed in equation (2) with positive condition 0   contains the basic requisites for a realistic simulation of the concrete hydration process [5] .
NUMERICAL SOLUTION
The purpose of this example is simulation of temperature changes in bridge concrete plate throughout the plate thickness. It is assumed that the concrete curing is homogeneous and isotropic phenomenon with respect to the surface coordinates, hence spatial discretization is applied only to the plate thickness. Numerical tests have been carried out in B-B section where the thickness of the plate equals 0.93 m (Figure 6 ).
The solution of thermo-dynamic system of non-linear equations (1) and (2) requires two types of approximation, in space domain and time domain taking into account appropriate initial and boundary conditions and fulfilling convergence condition. Finite element method (FEM) solution expects variational formulation with interpolation C 0 class. Another way is to use the finite difference method (FDM) and direct solution of the differential equation. Knowledge of T (x, t), ξ (x, T, t) fields allows one to estimate the strength and stiffness parameters of hardening concrete.
The parameters of high performance concrete C 60/75 class derived by the laboratory tests were taken after [5, 6, 10] . Table 1 shows constants determined under adiabatic conditions and used in the following numerical analysis.
Table 1. Material properties
The solid line in Figure 8 shows the concrete temperature changes at points p4-p6 and air temperature registered under the formwork at the construction site. The initial temperature of the concrete mixture was 24 o C. Temperature increase is clearly visible after 3 hours from the concrete casting and the maximum value was reached in 30 th hour in central point p5 (68.6 o C). Temperature data are the basis for making decision about using thermal insulation or uncovering individual zones of the surface element. In order to balance the temperature in the initial stage of hardening (hot region in the core, cooler one close to the external surface), the plate has been covered with 5 cm thick styrofoam between 27-96 hours. The effect of the upper surface insulation is particularly visible at the point p4 located close to the plate top surface. The changes in plate insulation protected the concrete against exceeding the temperature gradients permitted in the bridge project.
The results of temperature simulations are indicated in Figure 8 by dashed lines. The calculations assume constant ambient temperature of 20.3 o C at the top and bottom of the plate as the average of points o1 and o2. The simulations did not take into account the temperature changes due to the sun exposure and changes of sun position with respect to the concrete segment. A very good agreement between the measurements and simulations in the points p4, p5, p6 has been achieved. The biggest temperature difference of about 4°C is visible for the points p4 and p5, and at point p6 this difference is only 2°C. After 14 days the values of the temperatures in each measurement points is stabilizing. 
NUMERICAL SOLUTION
The purpose of this example is simulation of temperature changes in bridge concrete plate throughout the plate thickness. It is assumed that the concrete curing is homogeneous and isotropic phenomenon with respect to the surface coordinates, hence spatial discretization is applied only to the plate thickness. Numerical tests have been carried out in B-B section where the thickness of the plate equals 0.93 m ( Figure 6 ).
The results of temperature simulations are indicated in Figure 8 by dashed lines. The calculations assume constant ambient temperature of 20.3 o C at the top and bottom of the plate as the average of points o1 and o2. The simulations did not take into account the temperature changes due to the sun exposure and changes of sun position with respect to the concrete segment. A very good agreement between the measurements and simulations in the points p4, p5, p6 has been achieved. The biggest temperature difference of about 4 °C is visible for the points p4 and p5, and at point p6 this difference is only 2 °C. After 14 days the values of the temperatures in each measurement points is stabilizing.
The simulations of temperature profiles in the thickness direction at 12, 48, 96, 204, 336 hour is shown in Figure 9 . The measured values are indicated by dots, the simulation results representing a growing temperature phase are denoted by solid lines and the cooling phase by dashed line. The measured temperature profiles are in a very good agreement with the theoretical prediction. The relative errors between the predicted values and the experimental ones do not exceed 2%. Only at the point p4, after 12 h the relative error reached 6%. It is probably due to the fact that from 5 to 14 hours the largest temperature rate was observed.
The applied theoretical model and precise determination of the boundary conditions enables accurate prediction of temperature changes and finally prediction of the mechanical properties of the hardening concrete.
STRENGTH ESTIMATION
Monitoring of concrete curing at early age is useful to assess the advancement of harden- Table 1 . Material properties ing from the time of produce mixture to achieve required strength. In the Nordic countries and United States maturity time is commonly used to assess compressive strength. The development of mechanical properties of the concrete is closely related to the degree of hydration, which is a kind of index of a chemical reaction progress. Concrete strength and Young modulus increase with the progress of the hydration, and the rate of hydration of concrete increases with increasing temperature. This relationship indicates the ability to describe strength changes as a function of time and temperature of concrete [3, 4, 9, 12] . The maturity method for estimating concrete strength is based on calculation of the maturity index, expressed either in terms of the of temperature-time factor TTF or as an age equivalent t e at a reference temperature. In Europe, the reference temperature T r is generally set to 20 o C, being related to the humidity and displacements as well as the development of cracks. The system of equations includes the heat, moisture and momentum balance with the boundary conditions for the heat flow. The volumetric heat generation rate due to cement hydration is formulated as an Arrhenius type law ̇= ( )exp ( ) , in which the global progress is expressed as = / ∞ , where the real amount of heat ∞ is taken from the experiment. In this perspective, the chemical reactions influence is reduced to the internal heat source consideration. This heat emission is determined on the basis of temperature value provided by on line measured data. Moreover based on the temperature distribution, moisture field of concrete is established. This requires proper definition of the diffusion moisture coefficient, moisture stream and moisture transfer coefficient from the porous medium by air or water. The mechanical part is engaged with the moisture field through shrinkage strain and with thermal field through strain by thermal expansion. An extension of the Azenha's model is Di Luzio-Cusatisa approach [7] where a chemo-thermohygro-mechanical model with two reactions is proposed. The heat source comes from two leading chemical phenomena: cement hydration and silica-fume reaction. Other improvements consist in: variation all constant in the heat and moisture transport equations, the presence of internal moisture sources coming from the reaction and above all the inclusion of visco-creep phenomena in the mechanical part .
The rate of hydration degree describes equation: humidity and displacements as well as the development of cracks. The system of equations includes the heat, moisture and momentum balance with the boundary conditions for the heat flow. The volumetric heat generation rate due to cement hydration is formulated as an Arrhenius type law ̇= ( )exp ( ) , in which the global progress is expressed as = / ∞ , where the real amount of heat ∞ is taken from the experiment. In this perspective, the chemical reactions influence is reduced to the internal heat source consideration. This heat emission is determined on the basis of temperature value provided by on line measured data. Moreover based on the temperature distribution, moisture field of concrete is established. This requires proper definition of the diffusion moisture coefficient, moisture stream and moisture transfer coefficient from the porous medium by air or water. The mechanical part is engaged with the moisture field through shrinkage strain and with thermal field through strain by thermal expansion. An extension of the Azenha's model is Di Luzio-Cusatisa approach [7] where a chemo-thermohygro-mechanical model with two reactions is proposed. The heat source comes from two leading chemical phenomena: cement hydration and silica-fume reaction. Other improvements consist in: variation all constant in the heat and moisture transport equations, the presence of internal moisture sources coming from the reaction and above all the inclusion of visco-creep phenomena in the mechanical part .
The chemical process of concrete hardening is a function of the hydration degree ̇= Ã ( )exp( −1 −1 ), but since the reaction of water and cement is thermally activated, the dominan mechanism in the kinetics of the reaction amplifies Arrhenius type law exp(
depending o temperature, the gas constant R and activation energy a E [11] .
The rate of hydration degree describes equation: =0) [3] . The maturity function of the concrete used in this paper is formulated with the use of the exponential Arrhenius equation. This function calculates maintenance interval in a specified temperature to the equivalent age in reference temperature T r . Equivalent age is expressed in the following form: Although the hydration degree is not directly introduced in this formula, the assumed cumulative influence (t e cum ) of the temperature on the curing process is such that different thermal conditions could result in the same maturity and consequently the same final strength. The realistic maturity model should take into account the influence of the hydration degree ξ and effect of the curing temperature. The strength-maturity relationship for a specific recipe of concrete mixture requires at least 28 days study before concrete in building site. The first stage of research includes laboratory tests carried out on cubic and cylindrical concrete specimens and the second stage is the concrete monitoring during curing in-place [12] . For each concrete mix, the general steps for implementing maturity are:
• laboratory testing and determination of maturity curve, • set up temperature and maturity monitoring equipment in the field, • collecting of temperature and maturity data, • performing numerical simulation of hydration process, • estimation of concrete strength using calculated maturity curve, • validation break test specimens to verify strength.
The aim of the research is the estimation of inplace strength of box-girder bridge made from the high performance concrete, C60/75 class. Due to the large length of span (206.0 m), the contractors have chosen the free cantilever method to build the prestressed bridge. The free cantilever technology consists in developing the bridge structure by individual parts, the so-called segments. Segments are concreted into formwork fixed to a special movable steel structure -form traveller. In order to optimize the pace of construction segments, the knowledge of in situ concrete strength is necessary.
The success of estimating compressive strength by in situ measurements ensures proper maturity function. The extensive laboratory tests was carried out on mortar cubes 50 mm, 150 mm concrete cubes and concrete cylinders 150 to 300 mm allowed to find Q parameter from equation (3) . Hence the maturity function applied in bridge construction site can be calculated from following equation: 
Based on the above equation, compressive strength from breaking tests and temperature measurements of concrete samples, the maturity curve has been plotted. Continuous temperature measurement in the bottom plate allowed to calculate maturity index and estimate strength of the hardening concrete. According to the curves in Figure 10 , required to prestressing, 60% of 28-day strength was reached in 1 day after starting of concrete. Followed by the breaking test (traditional method for estimation strength), the time required to start prestressing would extend to the 2 working days. In this case, monitoring of concrete curing allows a significant acceleration of the work schedule.
CONCLUSIONS
The paper presents a model of concrete curing and its implementation validated on the example of the bottom plate of extradosed bridge. The study led to the following conclusions: 1. The developed temperature measurement system, based on 1-wire technology, proved to be useful and easy to mount inside the bridge concrete elements; 2. The proposed numerical model of concrete curing provides good agreement between 
